Images acquired at room temperature and in situ at 773 K, respectively for the as-grown sample. c, d, Images acquired in situ at 500 K and 773 K for the Ar + sputtered sample. e, f, g, Images of the sample: as-grown, after electron bombardment (150 eV, emission current of 1.1 mA, 10 min), after annealing at 873 K for 20 min, respectively. h, i, Images within the same area for the sample after electron bombardment and followed 873 K annealing, acquired at 1.5 V and 10 pA and at 1.0 V and 200 pA, respectively for h and i. All of the annealing treatments were performed under pressure better than 5.5×10 −9 Pa. Scale bars: 10 nm for a-g, and 2 nm for h and i. 
Supplementary Note 1: Exclusion of the Sr contamination.
One may concern that the observed dark defects at the ridges could be due to the Sr contaminations. To address this issue, we prepared a sample grown at 773 K under an O 2 pressure of 1.5×10 -3 Pa, and then annealed it at various temperatures of 893, 943, 1073, and 1223 K in UHV for 20 min at each temperature. Such treatments without Ar + sputtering do not obviously cause any bright spot ( Supplementary Figure S2a-e). It is observed that the concentration of the dark spots decreases with the increasing of the annealing temperature from 12.8% to 3.2% (according to the Ti sites at the ridges). In contrast, the intensity of Sr signal in the XPS spectra of Sr 3d 5/2 core level increases with the increasing of the annealing temperature (Supplementary The concentration of the dark spots determined from the STM images and the content of Sr from the XPS spectra are summarized in Supplementary Figure S2g . It is obviously seen that there are opposite trends for the Sr content and the dark spot concentration as a function of annealing temperature. This result strongly suggests that the Sr contamination due to the Sr out-diffusion from the substrate should not be the main contribution to the dark spots, nor to the bright spots. Therefore, we believe that both of the dark and bright spots are most likely to be intrinsic point defects, rather than the Sr contamination because of no Sr signal on the surface when the annealing or the growing temperature is lower than 973 K.
Supplementary Note 2: Comparing the samples by Ar + sputtering and by electron bombardment
Supplementary Figure S3a and Figure S3c) . After the sample was 11 annealed at 873 K, the bright spots already appeared. Supplementary Figure S3d shows the image acquired at 773 K in situ, where the sample had been annealed at 873 K for 8 h. The image gives the feature similar to the one obtained at room temperature (Fig. 1b in the main text) . We also used the electron bombardment to treat the sample surface.
Supplementary Figure S3e and f show the sample surfaces of an as-grown sample before and after electron bombardment (100 eV for 10 min). It is seen that bright spots appear after electron bombardment. Supplementary Figure S3g shows the sample surface after further annealing at 873 K for 20 min. High resolution images are also shown in Supplementary Figure S3h and i. These images exhibit the features of the dark and bright spots similar to the ones in the sample by Ar + sputtering and annealing treatment (Fig. 2 in the main text).
Supplementary Note 3: Annealing samples under H 2 O and O 2 atmosphere
We prepared a sample with a relatively high concentration of 5.4% (according to the Ti sites at ridge) of bright spots by three cycles of Ar + ion sputtering (1500 V, 15 min) and followed by the annealing treatment (at 873 K for 20 min), as shown in It is noted that the oxidized surface can be obtained by epitaxial growth under an O 2 pressure of 1.5×10 −3 Pa. As shown in Supplementary Figure S2a- Figure S7a-c show the images before and after 2 Langmuir O 2 dosing on the reduced TiO 2 surface at 80 K, and after 400 K annealing under UHV, respectively. Supplementary Figure S7d-f show the images before and after 2
Langmuir H 2 O dosing on the reduced TiO 2 surface at 80 K, and after 400 K annealing under UHV, respectively. In Supplementary Figure S7e, Figure S7b) . Supplementary Figure S7g -i (and magnified images j-l) show the images before and after different amount of H 2 O dosing in situ on the reduced surface at room temperature. It is observed that there is almost no obvious change before and after H 2 O dosing, remarkably different from the results of O 2 dosing at room temperature (Fig. 5 in the main text). Similar result was also observed for the oxidized surface. To exclude the possibility that the adsorbed molecules may be desorbed by the tip during scanning, we have used scanning conditions of 0.6 V and 5 pA, as mild as it could be. However, we still did not observe any adsorption features as the ones we observed at low temperature (Fig. 4 a-c in the main text). Our observations strongly suggest that the water molecules do not tend to adsorb at room temperature.
Supplementary Methods
Details of structural models. respectively. A value of 3.03 eV is obtained. We note that in our oxidized model the number of atoms in a unit cell is the same as the previously proposed add-row model (Ref. 7 in the main text). However, the energy of our oxidized surface per unit cell is lower than the add-row model by 2.10 eV. In the add-row model, the O atom is located below the ridge and that structure is known to be not stable (Ref. 20 in main text).
In the current oxidized model, there are 4 equivalent positions for the ad-oxygen atom, as shown by structural models in Supplementary Figure S8a Figure S8c-e. The bond length and bond angles are summarized in Supplementary   Table S1 . The simulated images are all in good agreement with our experimental observations ( Fig. 6 in main text).
Calculated properties.
Based on the oxidized structure, we have calculated the adsorption behavior of H 2 O and O 2 . Supplementary Figure S8f shows the adsorption structure of H 2 O on the ridge of the perfect ridge. The adsorption energy of a H 2 O molecule is 0.45 eV, which is rather small. However, for the O 2 molecule, we failed to find a stable adsortption configuration on the perfect ridge site. Supplementary Figure S8g and h show the structures and the simulated images for H 2 O and O 2 on Ti-rich defect site, respectively.
The simulated images are in good agreement with our STM observations shown in Fig. 4 in main text. The adsorption energies for H 2 O and O 2 are also obtained as given in the main text. However, currently the dissociation of H 2 O and O 2 induced by STM tip has not been well described in our calculations, possibly due to some uncertainty due to the invovlement of quite complicated tunneling electron assisted processes.
We have also simulated the images of the structures obtained from different manipulation processes. The structural model and the corresponding images given in Supplementary Figure S8i and j can well describe the processes II and III mentioned in the main text. One can see that the simulated image well resembles the side-positioned paired spot in the process II and the shoulder feature in the process III.
All our theoretical results provide strong supports for the conclusions drawn in the main text.
